We have developed a model to describe the rate of oxyhaemoglobin desaturation during apnoea. This model takes into account the non-steady-state kinetics which pertain to this situation. We first derived a mathematical expression for instantaneous oxygen flux rate from the alveolar compartment. We then derived an expression to describe the effect of shunt on this flux. The effect of circulation time on real-time arterial mixed venous oxygen content difference and oxygen flux in the lung was determined graphically. We finally described a manoeuvre to accommodate the effect of the Bohr shift which is related to the increase in Apnoea may occur both during anaesthesia and in the postoperative period for many reasons. The principal consequence of this depends on the rate at which the oxyhaemoglobin saturation of arterial blood ( a ) 2 O S is reduced to unacceptable levels and there are clearly many relevant factors. In order to study the factors affecting the rate of oxyhaemoglobin desaturation, it was necessary to construct a model.
We have developed a model to describe the rate of oxyhaemoglobin desaturation during apnoea. This model takes into account the non-steady-state kinetics which pertain to this situation. We first derived a mathematical expression for instantaneous oxygen flux rate from the alveolar compartment. We then derived an expression to describe the effect of shunt on this flux. The effect of circulation time on real-time arterial mixed venous oxygen content difference and oxygen flux in the lung was determined graphically. We finally described a manoeuvre to accommodate the effect of the Bohr shift which is related to the increase in ) alveolar volume (VA), shunt fraction (QS/QT), oxygen consumption rate (VO 2 ), total blood volume (QT) and haemoglobin concentration (Hb). The model is illustrated by examples of paediatric, morbidly obese and postoperative scenarios. The postoperative scenario is particularly notable for the effect of a combination of small changes in individual variables leading to a large overall effect on the rate of oxyhaemoglobin desaturation. (Br. J. Anaesth. 1996; 76: 284-291) Apnoea may occur both during anaesthesia and in the postoperative period for many reasons. The principal consequence of this depends on the rate at which the oxyhaemoglobin saturation of arterial blood ( a ) 2 
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is reduced to unacceptable levels and there are clearly many relevant factors. In order to study the factors affecting the rate of oxyhaemoglobin desaturation, it was necessary to construct a model.
It might appear a priori that the rate at which oxyhaemoglobin desaturation occurs is simply determined by the ratio of the oxygen consumption rate (VO2) to the alveolar reserve volume of oxygen (VA). However, such a model is too simplistic and has been criticized [1] because it is based on steadystate kinetics, and apnoea is a non-steady state event.
In the non-steady state, the rate of oxygen flux from the alveoli to the pulmonary capillaries is not constant and the shunt equation is not easily soluble. There is also a time lag between changes in arterial oxygen content and corresponding changes in mixed venous oxygen content because of the circulation time which affects the rate of alveolar oxygen exchange at any time. In addition to the alveolar oxygen volume at the beginning of apnoea, circulating blood also serves as an oxygen store which is in a dynamic equilibrium with the diminishing alveolar store. The reduction in 2 O a S is moderated by the the reservoir of oxygen in the alveoli.
The obligatory increase in arterial carbon dioxide pressure partial 2 CO ( a ) P and the consequent decrease in pH during apnoea has an effect on the oxygenhaemoglobin dissociation curve (ODC) such that the affinity of haemoglobin for oxygen varies as a function of time throughout apnoea (dynamic Bohr shift). This too might be expected to affect the rate of oxyhaemoglobin desaturation.
We therefore present a comprehensive model which incorporates the above considerations to describe the rate of arterial oxyhaemoglobin desaturation in the non-steady state in various pathophysiological states.
Theoretical considerations
We made several assumptions in constructing the model. We assumed that lung volume remains constant during apnoea. In fact, lung volume diminishes slightly during apnoea because oxygen is removed to a slightly greater extent than carbon dioxide accumulates, assuming that the value of the respiratory quotient is :1. A three-compartment model of shunt, ideal alveoli and deadspace was used to model the lung. Gas mixing was assumed to be complete within the ideal alveoli. Circulation of blood was modelled as a single unit of given mean transmit time (∆tc) in which no mixing of blood occurs.
In the equations which follow, unless otherwise stated, all gas and blood volumes are expressed in litres, time is expressed in minutes and gas partial pressures are expressed as fractions of one standard atmosphere (101.325 kPa, BTPS) 
Combining equations (2) and (3) to eliminate S v , Oxyhaemoglobin saturation after the onset of apnoea may be thought of as having three dimensions; it varies not only with time, but also with its position within the circulation, and so has a spatial dimension. For example, at a time when arterial blood is just starting to desaturate in the lungs, blood "sampled" at a peripheral arterial site just proximal to the tissues is not yet desaturated because of the circulation time lag. Figure 1 shows a putative plot of the time courses of arterial and venous oxyhaemoglobin desaturation. These two-dimensional curves represent the oxyhaemoglobin saturation at tissue arterial (upper curve) and tissue venous (lower curve) loci, respectively, as time from the start of apnoea varies. This same diagram can be used to consider the spatial dimension of apnoeic desaturation. The X axis now no longer represents absolute apnoeic time, but the relative time from when saturation began to decrease at any particular locus. Thus points A, B, C and D which represent the contemporaneous saturation at four loci within the circulation are not aligned vertically because the transit times to these various loci are different. Point A represents the saturation of blood in the most proximal part of the arterial tree (pulmonary venous) at time t which is equal to Sa(t). Point B represents the saturation of blood at the most distal part of the arterial tree (just proximal to the lumped tissues) at time t. Point C represents the saturation of blood at the most proximal part of the venous tree (just distal to the lumped tissues) at time t. Point D represents the saturation of blood at the most distal point of the venous tree (pulmonary arterial) at time t which is equal to v S (t). The arterial and venous curves are separated by vertical displacement equal to ( )
which is derived from Fick's principle (i.e. equation (3) applied at the tissue level). The horizontal distance between A and B is the arterial transit time (⌬ta) and between C and D is the venous transit time (⌬tv). The total circulation time, ⌬tc : ⌬ta ; ⌬tv. By inspection, mixed venous saturation at time t can be seen to be as follows:
Any function with a fixed phase shift such as Sa(t 9 ⌬tc) can be expressed in terms of the same function with zero shift, that is Sa(t), using Taylor's expansion as follows:
So the contemporaneous, real-time arterial mixed venous oxyhaemoglobin saturation difference in the lung can be expressed as follows by combining equations (5) and (6):
Fick's principle dictates that this saturation difference, when multiplied by the product of cardiac output, haemoglobin concentration and Huffner constant equals the instantaneous oxygen flux (vO2) from the alveolus to the pulmonary capillary blood at time t.
Hence,
Combining equations (1) and (7) we have:
By integration with respect to time, and application of the appropriate limits, this yields the following equation, given that when t : 0: FA : FA, 0, Sa : Sa, 0 and dSa(t)/dt : 0:
Dividing throughout by ⌬tc, the term Q & T (cardiac output) becomes QT (blood volume) and hence:
In common with equation (4), equation (8) 
Results
The following conditions were applied in the model to produce a standard adult curve of a figure 3a . The volumes shown represent alveolar volume at: total lung capacity (6.0 litre), resting expiratory level (2.5 litre) and supine resting expiratory level after anaesthesia (2.0 litre) [6] . The effects of 2 initial O A F on the subsequent rate of oxyhaemoglobin desaturation is shown in figure 3B . These values were chosen to represent normality ( figure 3C , the nominal values being 0 %, 5 %, 10 % and 15 % of T Q . The effect of variation in oxygen consumption rate (metabolic rate) is shown in figure 3D . The effect of alterations in the total oxygen carrying capacity of the blood is shown in figure 3E and F. This has been separated into the effects of anaemia (3E) and hypovolaemia (3F).
SPECIFIC CLINICAL SCENARIOS
The model was used to predict the consequences of various clinical abnormalities on the time course of arterial oxyhaemoglobin desaturation during apnoea. The data for these examples are given in table 1. Figure 4 shows theoretical plots for a standard adult, and 20-kg and 10-kg infants. A theoretical plot for a typical obese adult was constructed and is shown in figure 5 . Figure 5 also shows the theoretical plot for a normal adult in the postoperative period after major surgery.
We have calculated the apnoea time required to reduce the oxyhaemoglobin saturation to 85 % for a standard adult, a standard 10-kg infant and an obese adult both with and without preoxygenation (table  2) . Preoxygenation, if resulting in complete nitrogen washout, is assumed to result in an 
Discussion
We have described a model of oxyhaemoglobin desaturation in the apnoeic patient. All major variables in this model, namely VA, 2 initial O A F VO2, QT, shunt and total oxygen carrying capacity, may be expected to change in the perioperative period.
The alveolar volume at the onset of apnoea is an important determinant of the rate of oxyhaemoglobin desaturation because this is a large store of oxygen. As A spread of V/Q mismatch (increased log SD Q) has a complex effect involving a number of different compartments, contributing according to their size [10] . The effects of both reduced V/Q), thereby to a certain extent cancelling each other out. An important exception is where there is a large contribution from an area of lung with very low V/Q. In this case the desaturation curve is determined, albeit in part, by the processes illustrated in figure 3B , resulting in a faster initial rate of desaturation. It is important to distinguish this effect from that of true shunt where the initial saturation but not rate of desaturation is altered ( fig. 3C ). True shunt, measured by multiple inert gas elimination, increases during anaesthesia and this abnormality may persist for some time into the postoperative period. The effect of varying the shunt on the model is shown in figure 3C . It is evident from equation (4) that if a shunt exists, the arterial oxyhaemoglobin saturation is dependent on cardiac output. However, if the shunt fraction is zero, then arterial oxyhaemoglobin saturation is independent of cardiac output.
All physiological models have limitations. The model described here overcomes the serious deficiency of earlier models by taking account of the fact that apnoea is not a steady state situation. However, there are several assumptions that we have made in our model. We have assumed that alveolar gas is completely mixed at all times and is all immediately available for gas exchange. We have ignored the small change in lung volume which occurs when oxygen and carbon dioxide are exchanged with a respiratory quotient less than 1. We have assumed that cardiac output and VO2 remain unchanged during apnoea, although it is important to note that both of these variables may increase during the course of an obstructive apnoea. We assume that the circulation behaves as a single unit with a given mean transit time and with no mixing of blood. In the true situation, there is a spread of circulation transit time values as a result of the variation in blood circulation path lengths. In addition, mixing of blood occurs because of the distribution of velocities in laminar flow.
Oxygen consumption is commonly taken to be 0.25 litre min 91 although during anaesthesia a value in the region of 0.20 litre min 91 is more likely [11] . Delauney, Bonnet and Duvaldestin [12] studied VO2 in patients in the postoperative period and found values of approximately 0.15 litre min
91
, although this was increased by 40 % in patients who were shivering. Catabolic patients and patients with malignant hyperpyrexia have considerably increased VO2 values and desaturate at a much greater rate. Fletcher and colleagues [13] have shown an increased VO2 during obstructive apnoea. Increased metabolic rate associated with an increased VO2 value is also associated with increased VO2. This alters the Bohr shift effect and has been incorporated in the construction of figure 3D (just as all plots are correct for Bohr shift) by assuming that VCO2 : 0.8 VO2. A wide range of oxygen consumption is clearly possible and figure 3D shows the effect that this would have on the rate of oxyhaemoglobin desaturation.
The oxygen content of the blood, approximately 0.8 litre, might be expected to act as a "buffer" which moderates the rate of oxyhaemoglobin desaturation as oxygen is consumed from this compartment during apnoea. The total oxygen capacity of the blood is seen to be an important determinant of the rate of arterial oxyhaemoglobin desaturation in our model. This has been divided into consideration of the effects of anaemia ( fig. 3E ) and hypovolaemia ( fig. 3F ) because despite having common mechanisms within the model, they may be separate clinical entities. It should also be noted that fractional decrements in either have a multiplicative and not additive effect on the rate of arterial oxyhaemoglobin desaturation.
VO
S
is not an independent variable determining the rate of desaturation but is linked through coupling with other variables. In the single apnoea, pre-apnoea 2 VO S is lowered by either an increased oxygen consumption rate or a reduced cardiac output.
We have not incorporated into the model the effect of nitrous oxide elimination. Lampe and colleagues British Journal of Anaesthesia [14] found that when nitrous oxide was added to isoflurane it failed to increase the incidence of early or late postoperative hypoxaemia compared with only oxygen and isoflurane. However, Einarsson and his co-workers [15] found reduced oxyhaemoglobin saturation after nitrous oxide anaesthesia in hypoventilating patients even when 2 O I F was 0.3. As none of their desaturations was :90 %, diffusion hypoxia is probably an unimportant cause of postoperative hypoxaemia.
In both paediatric examples, an arterial oxyhaemoglobin saturation of 85 % was reached after a considerably reduced apnoea time; 41 and 60 s, respectively, compared with 84 s in a standard adult. These reduced apnoea times were largely the result of a relatively high VO2 and a relatively low alveolar volume with respect to weight, compared with the standard adult (see table 1 ). In addition, despite the greater relative total blood volume, the "buffering capacity" of the blood oxygen store was reduced as a result of the low haemoglobin concentration.
In the example of a morbidly obese patient, an oxyhaemoglobin saturation of 85 % was reached after 46 s ( fig. 5 ). This was largely the result of a much decreased alveolar volume compared with a standard adult (see table 1 ). In addition, a lesser relative blood volume reduces the buffering capacity of the body oxygen stores.
The effect of preoxygenation on the time to [16] . The reduced benefit of preoxygenation in the morbidly obese is a result of the very low alveolar volume which represents the only potentially increasable oxygen store in the body. The oxygen storage capacity of blood (as oxyhaemoglobin) has little capacity for any increase as a result of the shape of the oxyhaemoglobin dissociation curve.
The typical postoperative scenario ( fig. 5 ) is to some extent a "worst case" example in that the effect of hypovolaemia, reduced cardiac output, anaemia, increased V/Q mismatch, increased shunt, preapnoea hypoventilation and reduced alveolar volume are included. However, the values of these abnormalities individually are by no means excessive and each could easily occur in the postoperative period. It is important to appreciate that such abnormalities could occur in a variety of combinations and that some may be considerably more impaired than in this example. What is particularly interesting here is the marked rate of oxyhaemoglobin desaturation that occurs as a result of a combination of small abnormalities. The relative importance of abnormalities in these variables may be seen individually in figure 3 . The initial oxyhaemoglobin saturation of 88.5 % ( 2 O I F 0.21) is not uncommon in the early postoperative period. The short time (23 s) for this patient's oxyhaemoglobin saturation to reduce to 85 % demonstrates the seriousness of apnoea in the postoperative patient where the initial oxyhaemoglobin saturation is reduced and the rate of oxyhaemoglobin desaturation from that level is increased. Here, relatively short periods of obstruction or apnoea lead to significant desaturations.
There has been some discussion as to whether or not oxyhaemoglobin desaturation is faster in obstructive rather than central apnoea. Strohl and Altose [17] , however, found no difference in the rate of oxyhaemoglobin desaturation between simulated apnoea and obstruction in healthy subjects. Fletcher and co-workers [18] , in an animal study, found a greater rate of oxyhaemoglobin desaturation during obstruction than during apnoea with paralysis. This difference was shown to be a result of increased VO2 in non-paralysed spontaneously ventilating but artificially obstructed animals. This increase in the rate of oxyhaemoglobin desaturation with increased VO2 is predicted by our model and is shown in figure 3D .
In summary, we have presented a model to describe the time course of oxyhaemoglobin desaturation during apnoea which illustrates the effect and interaction of various pathophysiological abnormalities which may occur. Insights gained from this model will be useful in understanding preoxygenation, postoperative hypoxaemia and sleep apnoea.
Appendix
A SIMPLE EXPRESSION FOR THE OXYHAEMOGLOBIN DISSOCIATION CURVE
End-capillary oxyhaemoglobin saturation can be expressed in terms of the alveolar oxygen fraction using this variation of the Hill equation [19, 20] . It is sufficiently accurate for the purposes of this model. 
